ABSTRACT: We present a paleoclimatic model of Magicicada evolution that predicts increased probabilities of survival for broods having longer cycle lengths and periodical emergences. This model assumes a hypothetical probability that summer maximum temperatures in deciduous forest refuges during Pleistocene glacial stades failed to sustain threshold temperatures required for cicada flight and copulation.
INTRODUCTION
Periodical cicadas (HOMOPTERA: CICADIDAE: Magicicada spp.) are unique by virtue of their extremely long nymphal life span, 13 or 17 yr, depending on geographic location. They possess the longest consistent developmental periods of any insects. The nymphal stages are spent underground feeding on the xylem fluids of deciduous tree roots (White and Strehl, 1978) .
Adult periodical cicadas occur as isolated clusters of individuals throughout the brood range. All are diurnal and are most active during the warm hours of mid-to lateafternoon. Males chorus vigorously in deciduous trees and shrubs. This serves to assemble the group and attract mates. Mating is preceded by visual displays by males in addition to the auditory signals. Individuals appear to be predator-foolhardy. Eggs are laid in egg scars dug into twigs. Development of eggs requires deciduous host twigs. Nymphs drop to the ground as soon as they hatch and burrow into the soil, beginning the cycle again (Marlatt, 1907; Alexander and Moore, 1962) .
The term "periodical," as applied to Magicicada spp., describes the periodic emergence of all individuals of a local population from beneath the ground either every 13 or 17 yr. The term "brood" refers to periodical cicadas of a particular life cycle form (13 or 17 yr) which emerge during the same year within any part of their geographic range. Thus, there are 17 possible broods for 17 -yr life cycle forms and 13 possible broods for IPublished with the approval of the Director, Arkansas Agric. Exp. Stn., Fayetteville 72701. 183 the 13-yr forms. In addition to periodical emergence, Magicicada spp. emergences are largely synchronous over a few weeks (usually 3-4 wk) in late spring and early summer. Most other nonperiodical cicadas emerge over a period of several months throughout the summer and into early autumn (Alexander and Moore, 1962) . The triggering mechanism for periodical cicada emergence is thought to be soil temperature (Heath, 1968) . . Magicicada spp. are confined to the deciduous forests of eastern North America. Generally, the 17 -yr forms range farther N than the 13-yr forms (Fig. 1, after Marlatt, 1907) . Three morphologically and ecologically distinct sympatric species co-occur in .} most locations of each periodical cicada brood (Uoyd and Dybas, 1966) . Although Al--exander and Moore (1962) separated each morphological species into two species based on life cycle length, more recent studies indicate that these "sibling species pairs" are genetic variants of three distinct species and will be treated as such in this discussion. Lloyd and Dybas (1966) demonstrated that these sibling pairs hybridized freely under laboratory conditions and produced viable eggs, and there is historical evidence which suggests hybridization between natural 13/17-yr broods in Illinois in 1868 (Marlatt, 1907; Lloyd et at., 1983) . Also, sibling species show no significant differences in habitat preference whereas nonsibling species show statistically significant differences (Uoyd and White, 1976a) .
CURRENT THEORIES OF MAGICICADA ADAPTIVE STRATEGIES
The unusual characteristics of Magicicada spp. (long life spans, high population den-..
1 Fig. 1 . -Geographic ranges of 17-year and 13-year life cycle forms of Magicicada spp. Open circles = 17-year forms; small dots = 13-year forms; large dots = zone of overlap sity, periodicity and synchronization) pose unique questions to biologists. Much work has addressed the adaptive significance of these traits and the mechanisms involved in their maintenance under present environmental circumstances (Beamer, 1931; Alexander and Moore, 1962; Lloyd and Dybas, 1966; Simon et al., 1981; Karban, 1982 Karban, , 1986 .
A synopsis of the general theory of Magicicada ecology and evolution is: Long life cycles allow greater population densities (more individuals per unit area). A given habitat can support a larger population per generation of a species if the species requires a longer maturation period (Alexander and Moore, 1962) . Theoretically, greater population densities, along with synchronous emergences, aids the population by satiating predators, thereby reducing overall predation (Bulmer, 1977; Hoppensteadt and Keller, 1976; Karban, 1982) . Selection for predator wariness may be very low in high density adult populations, thereby allowing the development of a relatively pronounced predator-foolhardy behavior (Uoyd and Dybas, 1966) . Alexander and Moore (1962) suggested that high population densities are also necessary for effective chorusing and related mating behavior. Bulmer (1977) added that periodicity produced by the removal of intervening year broods by fierce nymphal competition for feeding sites on roots circumvents any predator build-up through successive years.
A 4-yr difference between the emergence years of many sympatric broods is attributed to 4-yr accelerations and decelerations of a portion of an existing brood giving rise to a new brood (Lloyd and Dybas, 1966; Lloyd and White, 1976b; Simon and Lloyd, 1982; Maier, 1985) . The origin of the 13-yr cycle is explained as the result of genetic assimilation of such an acceleration propensity (Lloyd and Dybas, 1966) . This propensity to change cycle length by 4 yr is thought to have been originally genetically assimilated when a previous 13-yr form decelerated 4 yr to a 17-yr form, possibly favoring escape from a hypothetical coevolving parasite (Uoyd and Dybas, 1966) .
THE PROBLEM OF INCIPIENT EVOWTIONARY STAGES
In reconstructing the evolutionary history of Magicicada a problem arises in that the advantage afforded by anyone component of the above described system (long life span, high population density, periodicity or synchronization) presupposes the existence of other components (May, 1979) . For example, the development of high population densities presupposes long life span. Long life spans presuppose an evolutionary lifecycle lengthening race between Magicicada spp. and a hypothetical parasite. Such a race could not take place unless periodicity had already developed. In turn, the development of periodicity by fierce nymphal competition presupposes dense populations of nymphs resultant from long life spans. In this framework, it is difficult to see how periodicity could develop.
Our purpose is to address the problem of incipient stages in the evolutionary history of Magicicada by presenting an alternative model. This paleoclimatic model predicts the development of long life spans and periodicity independent from presently operating adaptive advantages afforded by high population density and predator satiation.
A PALEOCLIMATIC EVOWTIONARY MODEL OF MAGICICADA LIFE CYCLES Some temperate insects have polycyclic periods of maturation. By polycyclic we mean life cycles which are of various lengths. In North America, some May beetles (Phyllophaga spp.) have life cycles ranging from 2-4 yr (Luginbill and Painter, 1953) . In Central Europe, life cycles of Melolontha spp. range from 3-5 yr (Bulmer, 1977) . As a rule, the life cycles of these May beetles increase in length from S to N. Karban (1986) reports a general interspecific trend of longer life cycles at higher latitudes among cicadas. Cicada species with variable life cycles are reported by Simons (1954) and Ito and Nagamine (1981) . In light of the life cycle structure of these other temperate insects it is reasonable to suggest that ancestral forms within the lineage which led to Magicicada had polycyclic life cycles shorter than 13 yr.~ -~ During glacial advances of the Pleistocene, a spruce-jackpine dominated boreal torest migrated S over eastern North America. The southern limit of a boreal forest approximates the 66 F mean July isotherm (Halliday and Brown, 1943; Leopold, 1957) . Delcourt and Delcourt (1980) reported, "During the peak in Late Wisconsinan Continental Glaciation 18,000 years ago. .. a warm-temperate forest of oak, hickory, and " southern pine persisted across the Gulf and lower Atlantic Coastal Plains" in close proximity to the southern edge of the boreal forest. Magicicada spp., dependent on deciduous hosts, would have been restricted to this refuge. Heath (1967) reports that the threshold ..
temperature for flight and copulation for M. cassini is 68 F. Relatively equable climates with cooler summers than the present climate prevailed in eastern North America S of the ice front during Pleistocene glacial stades (Bryson and Wendland, 1967; Graham, 1976 Graham, , 1979 Moran, 1976) . The probability of the summer maximum temperature of a given year failing to reach 68 F for a sufficient length of time to permit copulation and oviposition would have been relatively high in these glacial deciduous refuges compared to the probability of such an event in deciduous forests of eastern North America today. We suggest that the polycyclic life cycles of Magicicada's ancestors increased progressively to lengths similar to those observed today as an adaptive strategy during glacial stades in which maximum annual temperatures may occasionally not have reached the critical level for flight and copulation. As demonstrated below, the longer the nymphal life cycle, the smaller the chance of emerging during a cold summer. Given only the approximate July temperatures for glacial deciduous refuges in eastern North America and a representative threshold temperature for flight and copulation for Magicicada spp., any model of a glacial climate for deciduous refuges will be poorly constrained. Nevertheless, in order to demonstrate the mechanics of our thesis, one possible model climate is presented in the following example: Given the probability (PI) of the summer maximum not reaching 68 F as 1/50 (a cold year) with the climate stable for 1500 yr, the probability (PI) of the survival of a given brood of insects with life cycle length of (X) is
where n = number of emergences = 1500/X. The probability {P2) of the survival of at least one brood of a given cycle length is
where k = number of broods for the cycle (Table 1) . Our hypothetical 1500-yr cool period was derived as follows: The movements of mountain glaciers and pollen analyses define six relatively minor climatic fluctuations lasting 1000-2000 yr within the Holocene (Denton and Karlen, 1973; Kutzbach, 1976) . Bradley (1985) suggested that shorter-term and relatively minor climatic fluctuations also modified the glacial-interglacial intervals of the Pleistocene. In the example, the 1500-yr period represents a hypothetical short-term cool period.
The P2 column of Table 1 shows that the odds are favorable that at least one brood .
of cycle lengths 12 yr or longer will survive. Therefore, shorter life cycles would be gradually eliminated during climatic shifts to the colder conditions of glacial stades. The result within a group of species having polycyclic life cycles would be an increase in average length of the cycles, and a general geographic zonation of cycle lengths from shorter in the S to longer in the N. Such a cycle-lengthening "adaptive strategy" would permit Magicicada spp. to occupy areas with climates too harsh for short-cycled or annually reproducing insects and thus areas with relatively low competition for the resources afforded by the deciduous host trees (Table 1) . In light of an apparent negative correlation between growing season length and life cycle length in cicada species (Karban, 1986) , reduced growing season lengths (thus re-duced nutritional resources) accompanying glacial stades could contribute to selective pressure for lengthening the life cycles.
In addition to predicting selection pressure for the development of long life cycles and the removal of relatively short life cycles (Table 1 ), this paleoclimatic model predicts the establishment of periodicity to a marked degree through the removal of brood portions of a population as they emerge on cold summers. Column PIon Table 1, shows that the probability of survival of a given brood of a given cycle length is very low (.187 or less).
If the ancestors of Magicicada developed synchronized emergence behavior as a response to predation (Bulmer, 1977) , then the period for achievement of threshold soil temperature is restricted to approximately 3-4 wk in late spring/early summer rather than the entire summer, enhancing the detrimental potential of the local climate during cold episodes. An alternative explanation of the initial development of synchronization of populations can be suggested: The threshold soil temperature for Magicicada emergence is reported as 64.3 F by Heath (1968) . The period for emergence and adult activity during colder climates would be restricted to a short period of midsummer maximums reaching this threshold temperature, and individuals that emerge within this period would be selected over those less prompt. During warmer climatic periods this time window would expand. Thus, synchronized 3-4 wk emergences may initially have been an adaptation to colder climates and shorter summers.
The largely synchronous emergence of individuals of Magicicada populations early in the scheduled season, stimulated by soil temperature (Heath, 1968) , is problematic with respect to the conventional hypothesis of Magz'cicada evolution which states that early emerging individuals will be selected against due to severe predation preceding predator satiation (Lloyd and Dybas, 1966) . Our hypothesis that synchronous emergences were originally an adaptation to short summers is consistent with the early seasonal emergences of Magicicada.
WHY 13-AND 17-YEAR GENERATION TIMES?
In a polycyclic insect with shorter cycles eliminated and periodicity established, the .187 .976 Note. Hypothetical climate = summer maximum temperature remains below 68 F 1 year out of 50 (PI = 0.02) for 1500 yr; PI = probability that a given brood of a given cycle length will survive; P2 = probability that at least one brood of a given cycle length will survive principles of number theory dictate that the frequency at which the emergence of a life cycle of composite (non prime) length coincides with the emergences of other cycle lengths will be significantly greater than that of a life cycle of prime length. Therefore, for a polycyclic species composite cycle forms will hybridize more often than prime cycle forms (Fig. 2) . If we assume that increased hybridization disrupts the accuracy of Magicicada's cycle-timing mechanism, then the frequently hybridizing composite cycle broods !:.
will suffer reduced densities as some component of the populations emerge as stragglers (both early or late). Such stragglers have been observed in the vicinity of known broods in the years immediately before and after scheduled emergences (Alexander and" Moore, 1962; Uoyd and Dybas, 1966) . Once the preadaptive mechanism of predator satiation is in operation and predator foolhardiness is developed, then this difference in cycle-timing accuracy will select for prime cycle forms as severe predation removes the lower density populations of composite cycle forms through time. Predator build-up, as discussed by Beamer (1931) and Lloyd and Dybas (1966) , may be encouraged by early emerging hybrids and lead to the further detriment of the principal composite cycle brood and later hybrids. Low population densities may also have adverse effects on mating and reproduction (Alexander and Moore, 1962) . Therefore, a polycyclic sequence containing the prime cycle lengths of 13 yr and 17 yr will be ultimately reduced through time to only these two cycles.
FOUR-YEAR ACCELERATIONS AND DECELERATIONS OF BROODS
The paleoclimatic model presented above provides a mechanism by which the 13-yr and 17 -yr forms may have originated independently. This is in contrast to the proposal of Lloyd and Dybas (1966) that the 17-yr form originally arose from a previously existing periodical 13-yr form through the genetic assimilation of an acquired 4-yr deceleration character. In light of the role of predator satiation in the maintenance of periodicity as outlined by Lloyd and Dybas (1966) , it is difficult to accept this explanation. Lloyd and Dybas (1966) further propose that this assimilated genetic tendency to alter life cycle length by 4 yr (accelerations and decelerations) in turn gave rise to the contemporary 13-yr broods and to sympatric broods offset by 4 yr. The Drosophila work of Table 1 . The life cycle forms have been organized into N and S groups (14-18 years and 12-16 years, respectively) of sympatric hybridizing populations in order to simulate a latitudinal climatic gradient Waddington (1953) is cited by Lloyd and Dybas (1966) to support invocation of genetic assimilation of an acquired character to explain this hypothetical sequence. There is no widely accepted evidence that this genetic mechanism actually operates. Waddington (1957) modified the conclusions of his 1953 paper and explained that apparent inheritance of acquired characters may have been the result of subtle selection for a modifying gene. Lloyd and White (1976b) , Simon and Lloyd (1982) and Maier (1985) did, however, provide strong evidence of 4,-yr accelerations and decelerations within particular Magicicada broods. Therefore, we believe there is a need for an alternative hypothesis for the origin of acceleration and deceleration within periodical cicada broods. The model presented herein suggests the framework necessary to predict the adaptive origin of 4,-yr accelerations and decelerations without invoking the genetic assimilation of an acquired character.
This framework begins with the establishment of periodical 13-yr and 17-yr forms independently as described in the previous section. The ranges of the 17 -yr forms and the 13-yr forms contain a zone of overlap. No intermediate cycle lengths occur in this zone, even though interbreeding between the different cycle length sibling pairs will produce viable eggs (Lloyd and Dybas, 1966) . This relationship between the two cycle forms approximates a polymorphism (a dominant-recessive interaction between alleles controlling cycle length) and will be treated as such herein. We predict that there may be some degree of disadvantage to the timing accuracy of life cycles in individuals heterozygous for the cycle length character. Lloyd et at. (1983) outline a Mendelian model of hybridization between 13-yr and 17 -yr populations of Magicicada that are homozygous for a polymorphic cycle length character. Lloyd et at. (1983) assume the 17-yr form tõ dominant. The question of which cycle length is dominant is not critical to our the-SIS.
As outlined by Lloyd et at. (1983) , a given brood of homozygous 13-yr cicadas will hybridize with a given sympatric brood of homozygous 17 -yr cicadas only once every 221 yr. Any crossing will produce heterozygotes with respect to the cycle length character in the F 1 generation (Fig. 3) . Most of these heterozygous individuals will emerge with the homozygous individuals of the dominant cycle form. Some may be stragglers (both early and late). The F 2 generation produced from the brood containing these heterozygotes will include segregated homozygous recessive individuals (Fig. 3) . Due to expression of the recessive phenotype, these homozygous recessive individuals will be temporally isolated from the parental brood. This segregated population may reproduce and establish a new brood. Because the recessive alleles expressed in such a new brood will have passed one generation suppressed in heterozygotes with the alternate phenotype, this new brood will be temporally removed by 4, yr from the sympatric original brood of the same cycle length. Lloyd et at. (1983) proposed that this mechanism gave rise to a possible population of 13-yr brood XXIII 4, yr removed from 13-yr brood XIX ig. 3. -Mendelian diagram illustrating hybridization between 13-year and 17 -year genotypes and resultant temporal isolation of homozygous recessives. This figure assumes 13-year (D) dominance. However, 17-year dominance produces equivalent temporal isolation -following the hybridization of 17-yr brood X and 13-yr brood XIX in Illinois in 1868. Finally, a setting of two or more sympatric broods of the same life cycle form separated by 4-yr intervals due to the above described mechanism offers the framework for the adaptive origin of 4-yr accelerations and decelerations in response to environmental factors such as nymphal overcrowding at particular feeding sites as suggested by Uoyd and White (1976b) or climatic shock as suggested by Lloyd and Dybas (1966) . Acceler-( ating or decelerating individuals will enjoy the greatest advantage with respect to predator satiation if th~y emerge on the same year as another sympatric brood (Uoyd et at., 1983) . We are suggesting that 4-yr acceleration and deceleration tendencies may have been selected for over other possible time intervals by the advantages gained through high density emergences. In summary, the framework dictating which time interval was selected was established by processes obeying simple principles of number theory and classical genetics, rather than the tentative idea of assimilation of acquired characters.
A BIOGEOGRAPHIC TEST Thus far the model of incipient evolutionary stages for Magicicada presented herein has been developed solely to address questions of origin with respect to long life spans, periodicity, 13-yr and 17-yr cycles, and 4-yr accelerations and decelerations. These questions were addressed using the principles of probability in conjunction with paleoclimatic data, principles of genetic theory and number theory, and knowledge of Magicicada ecology. A prediction of this model may be tested using data independent of these data and principles. This paleoclimatic model necessarily predicts a climatic zonation of life cycle forms having shorter cycles to the S and longer cycles to the N. This zonation should have been established parallel to mean July isotherms during glacial stades when summer temperatures exerted selective pressure on adult cicadas.
Removal of these climatic restrictions on the life cycle forms during glacial interstades would result in a northward movement of the life cycle zones of Magicicada possibly accompanied by some loss of definition of the zones. Modem geographic distributions of 13-yr broods and 17 -yr broods of Magicicada (Fig. 1, after Marlatt, 1907) show a zone of overlap. The northern limit of 13-yr broods and the southern limit of 17-yr broods follow parallel sigmoid trends (Figs. 1, 4 ). Alexander and Moore (1962) note the distinctive shape of this zone of overlap.
The sigmoid patterns of the ranges of the 13-yr and 17-yr broods correlate longitudinally with the topography of the southeastern United States (the northward curves correlating with the Mississippi Embayment and the southward curves correlating with the Appalachian Mountains).
These topographic features locally disrupt the latitudinal climatic gradient, giving rise to a sigmoid gradient Games, 1970) . The sigmoid boundary of the coastal lowlands marks the northern and southern limits of many species and subspecies (Allen, 1892; Dice, 1943) . Visher (1944) , using solely climatalogical data, defined this same sigmoid boundary (Fig. 4) as a distinct climatic transition zone marking the modern northern limit of "mild" winters. James (1970) showed a marked correlation between the patterns of wing-length isophenes in several species of birds and this sigmoid pattern in the climatic gradient of the southeastern U.S. The deciduous forest of Late Wisconsin age (14,000 yr before present) in the southeastern U.S. assumed this sigmoid pattern along its northern margin (Delcourt and Delcourt, 1980) . Thus, it is h ighly likely that the parallel sigmoid patterns of the northern limit of 13-yr broods, the southern limit of 17-yr broods and the climatic gradient of the southeast U.S. are related.
We conclude that the sigmoid patterns in the ranges of Magicicada life cycle forms are relict patterns of the climatic zonation of these forms during colder Late Wisconsin climates when Magicicada was restricted to more southerly ranges. The relative absence of cold summers during the Holocene has allowed a slight loss of definition of the climatic zonation of the two life cycle forms during their northward movement. Marlatt (1907) discusses the marked latitudinal zonation of the two life cycle forms, but without respect to paleoclimates. The theory of the origin of the two life cycle forms presented by Lloyd and Dybas (1966) predicts that there should be no correlation between Magicicada distributions and climatic gradients. Karban (1986) describes a general negative correlation between growing season length and life cycle length, but this does not predict periodicity. We agree with Karban that growing season length was probably important in establishing long life cycles.
CONCWSIONS
Since the mid-1950s, major treatments of the evolutionary history of Magicicada have been based largely on hypotheses of competition and predator-prey relationships. This paper, an integration of paleoclimatology, paleoecology and evolutionary theory, has been offered as a different approach to an interesting problem. Our model suggests that the evolution of 13-17 yr periodical cicadas from polycyclic ancestors resulted from selection pressure imposed on the lineage by harsh climatic conditions in deciduous refugia during glacial stades. At least among large, conspicuous insects, this adaptive strategy appears to be unique to periodical cicadas.
Although no new data are introduced, we submit that the paleoclimatic aspect of this model is superior to competing hypotheses with respect to incipient evolutionary stages in Magicicada because of its ability to predict (1) long life spans, (2) periodicity, and (3) latitudinal zonation all by one mechanism. (Visher, 1944) ; dashed line = southern limit of 17-year broods; dotted line = northern limit of 13-year broods (after Marlatt, 1907) c~~~~Wi~~: ~-;;;-
